We present a new, near-comprehensive survey of the variations in seismic structure across the West Australian craton at the scale of the main terrane groups. Analyzing data from distant earthquakes recorded at temporary and permanent stations located across the region, we found the best-fi tting structure by modeling the conversions from P-to S-wave motion (the receiver function) that take place as the seismic energy travels upward through the lithosphere. Such methods can be used to delineate the extent of cratonic and orogenic terranes in regions where geological exposure of the surface is limited, and they provide an effective alternative to active-source seismic techniques for deep crustal targets. The seismic structure is consistent within several of the individual Archean terranes, most notably the Pilbara, Murchison, and Southern Cross. These terranes are underlain by lower crust of low seismic velocity and show a sharp seismic Moho. The structure shows signifi cant contrasts between neighboring terranes; thus, major tectonic units have a velocity profi le that is a signature of that terrane or terrane group. We infer that the seismic structure of the Archean crust and upper mantle was fi xed before craton assembly and preserved through the subsequent collision and accretion of the tectonic units that formed the West Australian craton.
INTRODUCTION
For the fi rst time, suffi cient coverage of high-fi delity broadband seismic stations exists to undertake a comprehensive survey of crustal thickness and seismic velocity structure across the West Australian craton at the scale of the main terrane groups ( Fig. 1 ; Myers and Hocking, 1998 ) using a closest interstation spacing of ~70 km. The concept of relating seismic velocity structure to the terrane boundaries observed on the surface was introduced, as a tentative interpretation of a limited Australian data set, by Reading et al. (2003a) . This approach implies that early plate tectonic processes were dominant in the construction of the craton. Such an implication remains controversial when applied to the Archean of Australia, although it is more widely accepted when applied to other Archean regions, such as the North American shield. We shorten the terms "superterrane" and "terrane group" to "terrane" herein with the understanding that allochthonous units may be present within.
STUDY AREA
The Pilbara and Yilgarn cratons joined through the greater Capricorn orogeny to form the West Australian craton by 1.8 Ga (Betts et al., 2002) . The Pilbara craton is a wellexposed block of granitoid-greenstone and metasedimentary rocks with ages from 3.52 Ga (Barley, 1998) . The east Pilbara craton exhibits a dome-and-basin geometry that was controlled in part by gravity-driven processes. The west Pilbara craton has no dome structures and was arguably formed under a contrasting tectonic regime (Hickman, 2004) . By 3.2 Ga, the Pilbara craton was a coherent block and was modifi ed in a series of subsequent extensional and compressive events that can be correlated across the Pilbara craton after this time (Blewett, 2002) .
The Yilgarn craton is one of the largest areas of Archean crust on Earth. The Narryer terrane to the northwest contains the oldest rocks, which are gneiss of ages up to 3.7 Ga (Betts et al., 2002) . In the central Yilgarn craton, the Murchison and Southern Cross terranes are granitoidgreenstone belts older than 3.0 Ga bounded by major faults, although a recent interpretation by Cassidy et al. (2006) combines the Murchison and Southern Cross as the "Youanmi terrane." The Eastern Goldfi elds terrane (Myers, 1997) contains slightly younger greenstones, aged 2.7 Ga, while the Southwest terrane is mostly gneiss of a similar age. Proposed global-scale overturn in Earth's mantle during the Late Archean provided a strong intrusive component (Nelson, 1998) . The domains defi ned by the analysis of aeromagnetic data (Whitaker, 2001) are dominated by magmatic rocks in the top kilometer and are not directly comparable to the seismic data in this broad-scale study. The northern Yilgarn craton, as discussed in recent work by Griffi n et al. (2004) , is not suffi ciently well sampled by the stations in this survey for further analysis but provides a good incentive for further, denser deployments in this key area. Over the Yilgarn craton as a whole, there is considerable evidence for regional-scale shortening in an east-west direction, other deformation, and metamorphism (Chen et al., 2001 ).
The Capricorn orogen, which joins the Pilbara and Yilgarn cratons, formed in a series of distinct episodes (Cawood and Tyler, 2004 , and references therein) that took place from 2.2-2.0 Ga (the Glenburgh orogeny) to 1.8 Ga (the Capricorn orogeny) to 1.6 Ga (unnamed). The margin of the adjacent northern Yilgarn craton includes high-grade metamorphism and syntectonic granite (Reddy and Occhipinti, 2004) . A number of basins have been identifi ed, including the Yerrida, which overlies Archean basement, and the Bangamall of the central Capricorn orogen.
Early refl ection/refraction seismic work (Drummond, 1988) found the crust of the cratons to be 25-35 km thick with a sharp Moho, while the crust beneath the orogens is much thicker at 45-50 km with a less-distinct Moho. The Moho is modeled at 35 km in the southwest Yilgarn craton and at nearly 40 km in the north of the Southwest terrane (Dentith et al., 2000; Wilde et al., 1996) . In the Eastern Goldfi elds, focus *E-mail: anya@rses.anu.edu.au.
New constraints on the seismic structure of West Australia: Evidence for terrane stabilization prior to the assembly of an ancient continent? has been on the structure of the upper few kilometers Goleby et al., 2002) . Collins et al. (2003) provided a summary of crustal structure across Australia. Analysis of seismic data from SKIPPY, and later deployments, has revealed details of mantle structure within the West and Central Australian cratons (Fishwick et al., 2005) . Closer-spaced stations were deployed across the Yilgarn craton (WT stations, 2000 (WT stations, -early 2001 WV, 2001) , and from the Pilbara craton across the Capricorn orogen (WS, 2000) to the Yilgarn craton (Reading et al., 2003a; Reading and Kennett, 2003) . The resulting coverage, including the most recently deployed stations (WR, 2000 (WR, -2001 WP, 2003) , represents a comprehensive survey across the Yilgarn craton, although stations are more widely spaced across the Pilbara and Capricorn areas (Figs. 2 and 3). We investigated the crustal thickness and seismic velocity structure using the extended data set in the context of the surface tectonic boundaries. Signifi cant features were interpreted in light of the published ages of these major tectonic units and compared with similar terranes in other continents. New constraints from observations of deep crustal structure are thus placed on the assembly and evolution of the ancient continental crust of West Australia.
SEISMIC DATA AND METHODS
Twenty earthquakes, at a suitable epicentral distance for receiver function analysis (30°-80°) and with suffi cient signal-to-noise ratio for receiver function work, were recorded at each WR station, and eight were recorded at each WP station. Figure 2 shows the source-receiver paths into an example station, WR06. The sources are mainly in the southwest Pacifi c region and represent a spread of back azimuths, dominated by 10°-110°. The observed receiver functions (for RF method, see Shibutani et al., 1996; Reading et al., 2003a) are stacked for each station to further improve the signal-to-noise ratio. The bestfi tting one-dimensional (1-D) shear wave-speed profi le is modeled from each stacked waveform by searching the solution space using an algorithm that is suited to the nonlinear relationship between waveform and Earth structure and that also provides a means of assessing the bestfi tting structure against other possible solutions (Sambridge, 1999) . Figure 2 also shows the stacked receiver functions from WR06. After the initial P pulse at 0 s, the highest-amplitude arrival is associated with energy converted from P-wave to S-wave propagation at the Moho.
SUMMARY OF TERRANE STRUCTURE
Characteristic seismic velocity structures for each terrane well covered by stations are shown in Figure 3 . In this work, the seismic Moho is taken to be the base of the high-velocity gradient zone in the lower crust (i.e., deeper than 30 km). Except where noted explicitly, our results are in agreement with the earlier, less-detailed receiver function work of Clitheroe et al. (2000) and the active source studies of Drummond (1988) and/or Collins et al. (2003) .
The Pilbara craton shows a very sharp, shallow Moho at 32 km with a velocity gradient in the lower crust. The Moho becomes deeper toward the south of the craton beneath the Hamersley Basin. The Murchison terrane shows a very sharp Moho at a depth of 34 km, and low velocities in the lower crust produce the large Moho velocity discontinuity. Previously published structures for the Yilgarn craton are based on seismic sections across the central Yilgarn craton and include very few results from the Murchison terrane. The Southern Cross terrane exhibits a characteristic structure with a large discontinuity at the Moho at a depth of 38 km, a discontinuity in the upper crust at 14 km, and a lower crust that shows little or no velocity increase with depth (see also Reading et al., 2003a) . As both the Murchison and Southern Cross terranes are of similar age and both show a sharp Moho, combining these two terranes (as the "Youanmi Terrane," with Murchison and Southern Cross domains within; Cassidy et al., 2006) remains in accord with the results presented in this work. The Southwest terrane shows a Moho depth of 38 km (Reading et al., 2003a) . There is a discontinuity in the upper crust at around 10 km depth and a high-velocity gradient above the Moho that thickens markedly toward the western edge of the craton. Clitheroe et al. (2000) found the Moho depth beneath station NWAO (Fig. 3) to be at 42 km, but we found that the structure at that station cannot be approximated by a 1-D model. The Eastern Goldfi elds terrane characteristically shows a sharp Moho at 42 km depth and a very variable upper crust. A 7 km discontinuity has been interpreted as a detachment surface of variable depth by Drummond et al. (2000) and Goleby et al. (2002) . Lower crustal discontinuities and velocity gradients are very variable and not easy to generalize. This variability is in full agreement with the recent identifi cation (Cassidy et al., 2006) of many terranes within the Eastern Goldfi elds terrane. The Moho becomes consistently deeper moving eastward toward central Australia and shallower toward the southeast edge of the craton. The Capricorn orogen shows a deep Moho, ~44 km, and a low-velocity contrast between lower crust and mantle that sometimes manifests as a broad Moho discontinuity, or, in some cases, the Moho can be hard to defi ne at all (Reading et al., 2003b) . The structure is variable, but there is generally a moderate velocity gradient throughout the lower crust. The Moho depth of 33 km reported previously (Clitheroe et al., 2000) may be reinterpreted as a lower crust discontinuity resulting from the complex crustal structure beneath the Bryah Basin.
DISCUSSION AND CONCLUSIONS
Seismic velocity and Moho depth is characteristic of a given terrane, and so, we infer that the underlying structure of the Archean blocks investigated in this study was determined prior to, and preserved through, accretion and craton stabilization. The Pilbara and Murchison blocks show consistent structure, a sharp and relatively shallow Moho. The Southern Cross terrane also shows characteristic crustal structure and a consistently sharp Moho. The variability in character of the Eastern Goldfi elds terrane is markedly different from the Pilbara, Murchison, and Southern Cross terranes. The Southwest terrane, in contrast, shows a broader Moho. There seems to be little doubt that assembly of these terranes took place dominantly by a process of accretion in an early plate-tectonic setting. Geochemical evidence is consistent with the accretion of allochthonous terranes, pointing to, for example, the tectonic severance (Krapez et al., 2000) of many of the source terranes for Yilgarn metasedimentary sequences.
If the seismic structure is such a long-lived feature of Archean crust, there must be a mechanism for preserving that structure. O'Reilly et al. (2001) investigated changes to the subcontinental lithospheric mantle over time. They suggested that Archean lithosphere is very buoyant and is less prone to delamination, and it is better at protecting the crust above. The terranes retain their own crustal characteristics and have not been overprinted by a homogenizing event across the West Australian craton. The formation of discontinuities in the upper crust is not systematic. Nevertheless, without knowing the exact mechanism for their formation, they can be useful in characterizing a given terrane and mapping its extent beneath regions of no exposure. The most signifi cant result from this study is the characterization of each terrane by a seismic velocity profi le. Using the seismic velocity profi les, we are also able to add to the database of S-wave velocity determinations and thus provide an insight into the composition of the lowermost crust of West Australia (Fig. 3) . The implications of such inferred compositions are the subject of extended debate that is beyond the scope of this short contribution. However, the spatial extent of our study and the relatively well-defi ned geochronology of West Australia together provide a signifi cant new contribution to such a debate. The Pilbara and Murchison terranes show lowercrust seismic velocity values of ~3.8 km . Discussions relating seismic velocity to composition and metamorphic grade (e.g., Durrheim and Mooney, 1994; Rudnick and Fountain, 1995) indicate that the lower velocities are most plausibly associated with a lower crust that contains a high proportion of felsic minerals. Alterations in Moho depth to the west of the Southwest terrane and in the southeast of the Eastern Goldfi elds terrane probably correspond to the infl uence of the adjacent, later Pinjarra and Albany-Fraser orogenies respectively (Fitzsimons, 2003) . The later Capricorn orogen shows a more complex crustal structure, higher seismic velocities in the lower crust, and an indistinct Moho discontinuity.
The low seismic velocity of the lower crust and sharp Moho observed in the older terranes suggest the following possibilities: (1) The younger Archean terranes were formed only shortly before accretion and craton stabilization, and the lithosphere did not have time to evolve the sharp Moho that is observed in the older Archean terranes; (2) lower crustal compositions in the older terranes were more felsic at formation; and/or (3) mantle dynamics in the Late Archean were heterogeneous (and the age relations we observe are coincidental). Seismic studies from other continents include work on the Kaapvaal craton of southern Africa, which shares a suggested early history with the Pilbara craton (Bleeker, 2003, and references therein) . The Archean crust of the Kaapvaal (35-40 km) shows a sharp Moho and little variability in upper-or lower-crustal structure (Niu and James, 2002) . Density calculations are consistent with a lower crust of felsic to intermediate composition. Thin crust and a sharp Moho are also observed in Archean provinces in Canada (e.g., 32-35 km in the Slave Province, Viejo and Clowes [2003] ; 34-36 km in the main shield, Darbyshire [2003] ). Late Archean terranes in Quebec, 2.7 Ga and younger, were assembled by accretion (Mueller et al., 1996) , which suggests that this style of tectonics was widespread. Condie and Chomiak (1996) made the observation that the younger Canadian Archean terranes existed for a relatively short time, ~20-80 m.y., between formation and collision (compare Mesozoic terranes at mostly 50-200 m.y.). It is recognized that Earth changed in geochemical character at the end of the Archean (when komatiitic volcanism ceased; Durrheim and Mooney, 1994) , and we acknowledge the possibility that a transitional stage in lower-crust formation may have occurred between 3.0 Ga and 2.7 Ga. Coincidental age relations seem unlikely given the worldwide spread of observations. However, it is wise to keep in mind the limited sample of preserved Archean crust remaining for present-day studies.
In summary, we infer that the seismic structure was preserved in each terrane prior to the assembly of the craton. The Archean terranes of the West Australian craton show structures that are characteristic of each of the large terrane groups, and there is notable consistency of character through each of the Pilbara, Murchison, and Southern Cross terranes. The later terranes, in contrast, show more variable structure. Terranes of the West Australian craton younger than 2.8 Ga do not show the low velocities in the lower crust and very sharp Moho of the earlier terranes. Characterization of the seismic velocity structure as a whole, using receiver functions from several different stations in each tectonic unit under investigation, is a robust approach for analyzing the deep structure of different terranes. 
